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SUMMARY

A series of available or known solid reactants capable of generating

fluorine when combined with fuels was identified end examined during the

course of the program.

An extensive literature review combined with a thermochemical evaluation

procedure defined candidates with labile fluotaine that were subsequently
screened as to acceptability in meeting specified requirements. A series of

32 candidate fluorine reactants was included in the reactant screening and

rating operations. The parameters that had m&'.or influence on reactant

acceptability during this screening operation were stability, safety, and

cost.

A series of five reactants was selected for experimental evaluation

based on the reactant ratings. The compounds were NOBrF4 , (NO) 2 HhF 6 , KBrF 6 ,

XCIF4 , and LiI~nF 5 . The first two reactants, NOBrF 4 and (NO) 2 MnF 6 9 "ere

eliminated tram consideration at an early stage because of the low fluorine

yield of (NO) 2 MnF 6 and the expected detrimental influence of NOF and bromine

products on laser prformance in the case of VOBrF 4 . The two interhalogen

derivatives, KDrF 6 and KCIF 4 , were carried through mall-scale grain testing

(10 to 20 g). Test data shoved the KBrF 6 /Ig 3N2 and KCIF4 /AIN reactant

systems to be most amenable to ignition and combustion in the scale tested.

Studies of these two reactant systemd mere discontinued based on the

anticipated detrimental effects of BrF and CiF on laser performance.

Work on LiMnF 5 was conducted based on prediction of fluorine as the only

gaseous product with other products forming a sintered residue. Ignition and

combustion of various LiMnF 5 and fuel reactant systems mere difficult to

achieve on the scale tested. The most promising candidate based on the

grains tested consisted of a LiMnF 5/M formulation.

An exploratory analysis and design of a fluorine gas generator system

mere developed using the Li*nF 5 /Mg reactant system parameters as input. The

primary area of uncertainty was in the ignition train design.
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INTRODUCTION

This document describes the investigetions performed under NSWC contract

No. N60921-75-C-0224, "Solid Reactants for Fluorine Generation." The overall

objectives of the program were to select, by approved screening and selection

criteria, and to evaluate by tests and analysis, solid reactants and

approaches capable of producing F, F2 , or NF3 at weight yields corresponding

to IOZ equivalent fluorine with an ultimate goal of 25% equivalent fluorine.

Furthermore, the reactant systems and approaches selected should be capable

of producing an exhaust containing minimum levels of contaminants or

particles and the system should be scalable to produce 0.25 lb of fluorine

per second for up to 5 sec duration.

Principal operational constraints in development of a DF chemical laser

are the storing, handling, and safety of the reactants. These constraints

emphasized the desirability of solid gas generators to produce the gaseous

reactants needed for HF/DF lasers. With demonstrated practical generation of

H2 and D2 from solid formulations and since stored helium, nitrogen, or

nitrogen-generating formulations can be used as the diluent gas sou-ce, the

primary remaining problem area is that of a suitable fluorine source.

The hazardous nature and physical properties of fluorine combine to make

its storage in the elemental form a formidable undertaking if substantial

quantities are to be stored tor extended periods. The problems of

corrosivity during the storaga period, the potential of boiloff or leakage of

the liquid phase when employed as a cryogenic reagent, and the need to supply

a pressurization subsystem are drawbacks to liquid fluorine. The inherent

storability of solid reactants makes the approach of solid grains for

fluorine generation attractive, and has been the primary impetus for work in

this area.

Although several fluorine-generating formulations have been

characterized to date on a laboratory scale, there is currently no fully

developed composition based on available reactants which produces F, F2 , or

NF3 as combustion products. Among the reactants which have be-n investigated

5
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as fluorine generation sourcea are the xenon fluorides, XeF 2 and XeF 4 , and

the F4÷ salts, NF4BF 4 and IF4 SbF 6 . The xenon fluorides exhibit marginal

stability characteristics, particularly for Navy usage. The higher fluorine

content compounds, V745F4 and NF4 SbF 6 , are presently not available at

reasonable cost in quantit ies sufficient for large-scale operations.

The progrm reported herein is an investigation of alternative

approaches for generation of gaseous F, F2, and NF3 by means of solid
reactants based on available, relatively inexpensive ingredients. The V
availability and low cout requirements were imposed to provide a trade-off
option to the higher cost tetrafluorommonium salts. In addition,
constraints on the gaseous product composition were imposed such that it

would be acceptable for DF laser operation. Finally, the requirements

included practical guidelines relating to handling and safety.

The program developed to meet these objectives was divided into three

consecutive tasks: task 1, screening and selection of reactants and

approaches; task 2, characterization and testing ot the selected reactant

systems; and task 3, scalability testing and supporting analysis. The

program plan provided for specification of five candidate reactants at the
end of screening studies of task 1, selection of three candidates to be

evaluated during the testing effort of task 2, and up to two candidates for

the task 3 scalability testing and supporting analysis.

Synthesis studies performed as part of the IR&D program yielded a
portion of the reactant materials used in the task 2 efforts. For
completeness, the results of these studies have been included in this report

where appropriate.
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PROGRAM DISCUSSION

Several requirements for a gas generator producing predominantly gaseous

fluorine can be defined. A primary guideline is production of gas generator

products that approach, or match, the composition of gases currently being

used in laser operations (i.e., fluorine, fluorine-helium, or

fluorine-nitrogen mixtures). Achievement of this guideline allows more ready

transition from lasers employing gaseous fluorine to solid generator operated

lasers.

Throughout the program, a set of requirements vas considered that

imposed limits on acceptability of various physical, chemical, and economic

properties of candidate reactants. These requirements, while subjective in

certain areas, were intended to ensure that the final reactant systems

(fluorine gas generators) would have utility in an end-item application. The

minimu requirements that need to be satisfied for both the fluorine

reactants and reactant systems are as follows:

A. Yield of fluorine (as F, F2 , and NF3 ) of 10 weight percent

(minimum) to 25 weight percent (goal).

I. Reactants are stable solids (and nonvolatile) at temperatures up to

50 C.

C. Reactants are available from commercial sources or can be

synthesized by practical synthesis routes.

D. Once ignited, reactant systems sustain a controlled combustion.

E. Minimum concentrations of undeqlLable or unacneptable gases are

produced upon combustion:

(1) Acceptable - N2 , 02, He, Ar, CF4 , and SF6

(2) Undesirable- HF, DF, C02 , COF 2 , S0 2 F2 , and CIF 3

(3) Unacceptable - Fluorine reactive gases

F. Reactants and fluorine gas generator fornulations have normal

handling characteristics:

(1) Low sensitivity to impact, friction, and spark

(2) Autoignition temperature (AIT) in excess of 120 C

(3) Low toxicity of reactants

(4) Storable at normal temperatures
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(5) Capable of being processed in large scale.

G. Particulate matter car, be removed from generated gas.

Of the noted requirements, thoe having the greatest impact on the

selection of reactants were the fluorine content (item A) and availability

(item C), whereas the selection of reactant systems for evaluas'ion was

constrained primarily by the presence of other gases in the products (item E)

and achieving sustained nombustion (item D). The last item, elimination of

condensed solids from the exhaust, is dependent upon the formulation and end

use approach.
rI

-rhe three basic approaches to producing a solids-free exhaust in the

fluorine gas generators were all considered in the course of the selection

process conducted in this program. The first approach folloW conventional

gas generator technology by formulation of compositions whose products are

all gaseous, e.g., the early formulations of NF 4 BF 4 with

tetrafluoroethylene(I) are'typical of this approach. This type of

formulaLion hes the advantage of not requiring separation of condensed

products from the gas phase but tends to produce excessive gaseous

contaminant levels. The second approach considered in the program is an

adaptation of the well-established chlorate candle technology(2) to develop

formulations that produce a sintered solid under certain definable

conditions. Previous studies have shown that, provided the ratio of the

liquid-to-solid phases is controlled, good separation of gases from the

condensed phases occurs. A small filtration unit normally has been required

to remove the last vestiges of condensed particles. Excessive amounts of a

liquid phase have been tound to cause slumping problems on scale-up.( 3 ) This

second type of generator generally provides a lower fluorine yield, based on

total gas generator weight, but produces a gaseous product with a higher

fluorine content. The use of the sintered residue approach for fluorine

generators has been reported in work using NF4 SbF 6 (4) and NF4BF4 (5). The

third approach also allows formation of solid- or liquid-phase combustion

products but does not produce a sintered residue. In this approach, a

second subsyscem* is required to remove the condensed products. The

complexity of this 3ubsystem is dependent upon the combustion temperature and

8



the quantities and physical characteristics of the condensed, and

condensable, combustion products. This third type of system is potentially

adaptable to an accumulator approach for multipulse operation.

The following sections present the overall approachcs taken to evaluate

alternative solid reactants for fluorine generators; the results of the

theoretical, experimental, and design studies based on the selected

approaches; and a discussion of the results.

TASK 1: SCREENING AND SELECTION OF CANDIDATE REACTANTS AND APPROACHES

The objective of this task was to survey potential fluorine source

candidate reactants, subject these candidates to a set of approved screening

criteria, and select and recommend the most appropriate reactants for

subsequent testing. A reactants considered list was prepared to summarize

the results of task 1. A minimum of five reactant systems was selected for

consideration in the testing phase (task 2) which follows this section.

The initial step in the screening and selection process consisted of a

thorough literature search, including the use of automated information

retrieval services, for all compounds having a potential for release of at

least a portion of their fluorine on thermal excitation. This literature

search resulted in identification of in excess of 60 candidate compounds for

later evaluation in the program. (Pertinent literature is listed in the

bibliography as references 6 through 45.)

The stability of a selected set of gaseous fluorides was evaluated from

thermodynamic considerations to serve as a guideline in the selection of

materials which possess weakly bound fluorine or form species with weak bonds

to fluorine and therefore decompose readily. The equilibrium decomposition

temperature for these speciti, tabulated in table 1, was calculated as the

temperature at which log Kp was approximately zerc. I
Temperature limitations were imposed on the evaluation by end-.use

application. In the case of a DF laser, the lower limit is that required to

dissociate F 2 , approximately 1300 K, while the upper Lxmit is imposed by

"9



TABLE 1. RELATIVE STABILITY OF GASEOUS SPECIES CONTAIMING FLIJORIME

a
Decoposit ion

Species Decompostiioa. Reaction Teuperature, (K)

C1F5  C1C5 - IF.C173 + F2 500

NOF 3  2NOFj----w. N2 + 02 + 3F 2  600

IF7 IF7 - IF + F 600
77 5 260

NO2F 2NO 2F----o N2 + 202 + F2 750

CiF3  ClF3 ------ CIF + F2  800

N' 3  2NF--I-- N2 + 3F2 900 ,
B5 BrF- - BrF + F 1000

BTI 5 3 2 10
NOF 2NOF-- N + 0 + F

2 2 2 1200

F2  F -- 2F 1300
2 2

BrF BrF 3----- BrF + F2  1500

SF6 -SF4 + F2 2100

IF5 IF5 - IF3 + F2 2600

S 02o2 02F 2 - S2 + F2 3500

PF5 PF5-- -PF3 + F2 3800

SF4 SF 4  -- S + 2F 2  4100

SOF 2  2SOF2I0 2S + 02 + 2F 2  4500

PF3 PF-3 . PF + F2 >6000

CF4  CF4 -- C + 2F2 >6000

BF3  2BF3 2B + 3F2 >6000

COF2 2COF2--o- 2C + 02 + 2F2 >6000

CIF 2ClF-----o- Cl2 + F2 >6000

BrF 2BrF----- Br + F >6000
2 2>60

IF 2IF 1 2 + F2 >6000

PF 2PP 2P + F2 >6000

a Temperature where log K is near zero.
p
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nozzle processes or materials consideration and is of the order of 2500 K.

Therefore, those species whose dissociation occurs at temperatures less than

2500 K will have the most utility in the application, whereas those species

which decompose at higher temperatures will remain intact at operational

temperatures and do not represent sources of available fluorine. The

emphasis on the dissociation of species, especially into F atoms, arises from

the energetics of the DF laser system which cause the overall system

performance to suffer if even the energy of dissociation for F 2 must be

supplied internally.

It is apparent from table I that fluorine bonded to nitrogen is

available, since all nitrogen-bonded species (NOF 3 , NOF, NO2 F, and NF3 )

decompose below the operating temperature of the laser combustor.

Conversely, boron, phosphorus, carbon, and sulfur are not desirable as

fluorine carriers since their polyfluorides are stable above the operating

temperature. Of the interhalogens, chlorine and bromine can be expected to

dissociate to the monofluorides; however, iodine clearly would result in

formation of IF 5 as a stable product gas. The relative stability of the

gaseous fluorides then is reflected in the fluorine yield values of candidate

reactants. Armed with this information, the fluorine-containing compounds

collected in the literature review were subjected to a preliminary screening

to eliminate those without labile fluorine. A value of 10 weight percent

available fluorine was imposed as an absolute lower limit of acceptability;

however, for use in operational systems, a more practical value of 20 weight

percer.t was employed.

Reactants Considered List-

The reactants considered list (RCL) was compiled from all the candidate

materials which remained after the preliminary review. In addition, several

of the current NF64 candidates were included for compariaon bringing the list

to a total of 32 materials to be evaluated. The RCL was subdivided into a

set of five tables according to the nature of the properties to be tabulated.

The various tables, the data contained thereon, and the basic source of

information are sunmarized in table 2. The individual tables making up the

RCL are compiled in appendix A.

I 11
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Reactant Screening Procedure

The screeuing and selection process initially included the consideration

of three approaches to the reactant systems based on the nature of the

products of the generator. The first produces all gas products, the second

produces a condensed phase which is retained as a residue and an easily

filterable gas, while the thirO produces a gas with a relatively large

fraction of condensed phase r& .r entrained or formed during cooling.

During the course of the program, attention was directed toward the second

approach, i.e., reactants forming a sintered solid and a low solids content

gas*

To evaluate the relative merits of the candidate reactants and reactant

systems, a set of ranking criteria and weighting factors were established.

These are tabulated in table 3. Five categories were established with each

major category subdivided into related considerations.

The criteria incorporated those factors which would be expected to lead

to a reasonably priced solid reactant system capable of delivering an

adequate supply of fluorine gas free of excess contamination and with a

minimum of hazards associated with its manufacture and use. A major

consideration was the available fluorine content, initially of the reactant

itself but ultimately of the reactant system which will produce the gas.

This overall factor was given a weight of 25 out of a total of 100, divided

10 points for the reactant fluorine content and 15 points for gas generator

fluorine content. The acceptable lower limit was designated as 20 weight

percent for the reactant fluorine content and as 10 weight percent for the

gas generator fluorine content. This differential was established to account

for the consumption of reactant available fluorine by fuels incorporated in

the candidate formulations.

The availability of the reactants or precursors and well-established

synthesis routes were important considerations related to the cost of the

constituents of the gas generator. These factors were combined as the second

major criterion with a weighting factor of 20, divided equally between

13
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availability and cost. No definable limit was established for availability;

a cost limit of less than $10 per grai in small scale was taken as a

guideline.

Of vital concern was the safety, stability, and toxicity of the

reactants, the processing characteristics of the reactant system and its

stability as a gas generator. The third criterion of stability, toxicity,

and safety was given a weighting factor of 35, the greatest weigi~t of all

criteria. This factor was subdivided into the three considerati,.ns with

safety taking the predominant portion. This weighting was estublished based

on previous safety constraints for shipboard operations. The acceptable

lower limit of reactant stability was taken as 50 C (122 F). Reactants were

ruled unacceptable if they or the products of combustion exhibited a chronic

toxicity. A value of 10 kg-cm was established as the lower acceptable limit

for impact sensitivity.

The degree of contamination of the product with solid particulate matter

or with deactiving species would have a major impact on the value of

candidate reactant systems in laser applications. This criterion was given a

weighting factor of 15; however, since these parameters are difficult to

define before test operations, this criterion had little effective impact on

the selection process. Similarly, ignitability of the reactant system was

also a factor to be considered in the system selection since a

self-sustaining reaction must be initiated; however, determination of this

criterion required extensive test data, not available on many reactants

during screening.

The procedure used for the selection of the candidate reactants for

ranking involved classification of the reactants as to acceptability in

meeting the minimum requirements and those that were unacceptable on one

basis or another. This classification is shown in table 4 for the 32

candidates. This tabulation was taken from the reactants considered list

(appendix A) where the basis for the lack of acceptability is noted as an X

on the RCL tables and, similarly, on the classification of reactants table.

Those factors denoted by a parenthesized X were deemed marginal but this

15 .....
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classification did not eliminate that reactant from consideration. The final

column in table 4 depicts the state of acceptability which was used as the

guideline in elimination of candidate reactants from irther consideration.

After elimination of the candidates which were found unacceptable under

any of the criteria, the remainder were compiled for rating according to the

criteria discussed earlier. The rating for each criterion was from 0 to the

maximum value of the weighting factor. Although the rating of each reactant

or system within each of the criteria was subjective, the rating yas derived

by comparison with the other candidates. The summatiot of the ranking

criterion valises led to a score for each candidate and a subsequent ordering

and identiiication of the most promising of the candidates.

The reactants, their ratings in the various areas, and their cumulative

ratings are shown in table 5. The candidates are arranged in order of their

cumulative ratings. Reactants currently under investigation were also

included for comparison purposes. The reactants NF4 BF4 and Li~nF 5 were

considered marginal because of a low rating in the area of availability and

cost for the former and fluorine content for the latter.

The fluorine content ratings were made based on a rating value-fluorine

content correlation plot. This plot gave the highest rating of 25 to

reactants having 40 weight percent fluorine or greater, and a rating of 0 for

compounds having 15 weight percent fluorine or less. The cost factor was

also derived from a rating value-cost correlation plot with the highest value

(20) allotted to reactants with costs of $30/lb or less in 10,000-lb lots.

The other factors were defined more subjectively. The stability-safety

criterion was based primarily on cumulative toxicity which downrated the

antimony compounds and upon overall stability, a factor that influenced the

low ratings for XeF 2 and CIF 3 0-BF 3.

The total ratings, based on a maximum value of 100, rateged from 28 to

79. With the uncertainties inherent in such ratings, the first seven

reactants can be considered essentially equivalent in value.

18
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Theoretical Analysis of Reactant Systems

In addition to the theoretical equilibrium calculations performed tor

each reactant to determine the degree of dissociation at fixed temperature

levels (which provided the input for table A-I in appendix A), theoretical

equilibrium calculations were also performed for reactant systems combining

the candidate reactants -itb various fuels. These calculations yielded the

theoretical flame temperature and combustion product composition an a

function of formulation composition, thereby providing a conveient means of

comparinS the potential ot' thc candidates. It must be recognized, of course,

that these calculations are only as valid as the thermodynamic data

available. For those candidates that reached this stage of evaluation, only

those systems containing manganese suffered from a relatively high

uncertainty owing to the lack of current data for manganese species. All

others are covered by the JANKAF Thermochemical Data Tables.

The results of these calculations are summarized in table 6 which

tabulates the weight percent fluorine available as F, F2 , or HF3 . The

reactant candidates were all evaluated initially with two fuels, Si 3N4 and

Hg 3 N2 . The fluorine yield from all reagents except (NO) 2 14nF 6 was found to be

equal to or greater than 10 percent by weight with either one or both fuels.

This result led to the early elimination of (NO) 2 MkiF 6 as a viable candidate.

The question of the d.egree of degradation of fluorine yield as the

result of the use of polytetrafluoroethylene as a combination fuel and binder

led to the next series of calculations. Here it was found that all of the

reactant candidates except KCIF 4 and LilnF5 experienced considerable

reduction in fluorine yield. KCIF 4 and LiMnF 5 , even with the reduction In

yield, met or essentially met the goal of 10 percent fluorine by weight. In

these instances, the fluorocarbon could be effectively used as a processing

aid in the formulation of gas generator grains.

The effect of incomplete conversion in the preparation of reactants

KBrF 6 and KCIF 4 on the resultant fluorine yield was evaluated. This

evaluation was made because edrly liteiature references showed incomplete

conversions to the products with some unconverted KF present. However,
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TABLE 6. MAXIMUM CALCULATED FLUORINE YIELD COMPOSITIONS

Weight
Reactant Fuel Flame Percent

System Weight Weight Temperature, Fluorine
No. Reactant Percent Fuel Percent (K) (F, F2 ,NF3 )

2311 (NO) 2 MnF 6  93.00 Si 3 N4  7.00 1177 5.41

2314 NOBrF4  90.00 Si3N4 10.00 1588 9.91

2316 KBrF 6  89.00 Si 3N4 11.00 1629 10.50

2317 KCIF4 94.00 Si3N4 6.00 1126 13.67

2321 Li)n1 5  95.00 Si 3 N4  5.00 1395 3.34

2325 (NO)2MnF 6  91.00 Mg3N2 9.00 1350 8.77

2324 NOBrF4  88.00 M93 N2  12.00 1700 12.7(

2326 KBrF6  88.00 Mg3 N2  12.00 1605 13.51

2327 IF 4  94.00 Mg3 N2  6.00 1101 16.44

2372 LiMnF5 99.00 Mg3 N2  1.00 921 10.86

2344 IOnF5  99.03 Mg3 N2  1.00 483 8.82

2343 KBrF-KF 88.00 Mg3 N2  12,00 1629 12.60(95/9),

2342 KclF 4 -1F 95.00 Mg3 N2  5.03 980 15.42
(95/5)

2335 (NO) 2 HnF6  80.00 (C2 F4) 20.00 1251 2.28

2018 NOBrF4 75.00 (C2 F4 )n 25.00 1622 3.80

2334 KBrF 6  75.00 (C2 F4 )n 25.00 1521 4.51

2333 KC1F 4  75.00 (C2 F4 )n 25.00 1040 9.49

2336 LiMnF5  99.00 (C2F4 )n 1.00 752 11.23

2349 KCIF4  88.00 NaN3  12.00 877 16.62

2350 LiMnF 5 99.00 NaN3  1.00 791 11.70

2354 KCIF4  95.00 AIN 5.00 1024 15.93

2355 LiMnF 5  99.00 AIN 1.00 930 10.60

2359 KC174 97.00 Al 3.00 1104 17.56

2361 LiMnF 5  99.00 Al 1.00 107? 9.87

2385 LiMnV5  99.00 Mg 1.00 1030 10.42
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current experience had led to the conclusion that conversions of 95 percent

or higher could be expected under carefully conducted synthesis conditions.

The theoretical calculations were therefore conducted with the appropriate T

level of KF contaminant. The calculated fluorine yield exhibited an almost

linear dependence on contmination level in this range with approximately a 5

percent reduction in fluorine yield.

An alternative pentafluoromanganate salt, KWnF 5 , was also evaluated with

. g3 N2 . An anticipated, the increase in formula weight resulting from the

replacement of lithium by potassium reduced the fluorine yield

proportionately. Consequently, thud reactant was not considered further.

Both LilhF 5 and KCIF 4 were evaluated using NaN 3, AIN, and Al as common

fuels. In all cases, the goal of 10 percent fluorine by weight was met or
-.... essentially met with considerably better yield derived from KCIF4 . LiMnF 5

was evaluated with magnesium in addition and met the minimum goal

requirement. The compositions giving the highest fluorine yield with Li14nF 5

in these instances fell in the very iow fuel range, approximately I percent

or lover.

The more complete summaries of the theoretical calculations from which

table 6 was digested are collected in appendix B. These tables list, in
addition to the parameters already specified, the concentrations of all

products of any consequence, boch coneeased and gaseotu.o.

Based on the foregoing analysis of candidate reactants and reactant

systems, a series of five reactants were selected for experimental evaluation

in the task 2 efforts. These compounds, listed in the order presented in

task 2, are: HOBrF 4 , (NO) 2 MnF 6 , KBrF 6 , KCIF 4 , and LiInF 5. With the

exception of the last reactant, the other compounds met al! criteria

discussed previously based on information available at the time of selection.

As discussed in the conclusion section of this report, the influence of

conteminating species significantly altered the acceptability of these

reactants.
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Li~nF5 was inctuded as a candidate because it represented the only

reactant that could provide essentially pure fluorine upon decomposition.

This factor was demed sufficiently important to permit relaxation of the

available fluorine content rostraiat for this reactant.

TASK 2: CHARACTERIZATION AND TESTING OF SELECTED CANDIDATE REACTANT SYSTEMS

The objective of this task was to evaluate the stability, ignitability,

combustion, and exhaust properties of the candidate reactant systems selectcd

on thebasis of the task 1 efforts.

The experimental uork performed toward achieving this objective was

conducted in five successive stages: (1) synthesis of the candidate reactant

in quantities sufficient for subsequent evaluations; (2) testing and rating

of a broad spectrum of reactant-fuel systems for exothermic reactivity at

elevated tamperatures; (3) evaluating the compatibility and sensitivity of

the reactants with fuels selected to introduce the least possible mount of

contaminating gas products; (4) performing small-scale atmospheric pressure

ignition and combustion tests on the reactant-fuel systems; and (5) pressing

gas generator grains and evaluating their combustion in a motor at elevated

pressures to determine pressure-burning rate data and flame temperature, and

to analyze the gaseous combustion products to establish the extent of

generation of fluorine gas.

The experimental procedures used throughout task 2 investigations were

essentially equivalent for each of the candidate reactants. Consequently,

these procedures are described in the section which follows and the

experimental results achieved using these various procedures are subsequently

set forth individually for each of the five selected reactants.

Experimental Procedures

All of the fluorine compounds used for synthesis of the reactants and

most of the fuels employed in this program were obtained from two sources,

Ozark-Mahoning Company and AlfA-Ventron Company. The chemicals were used

as-received and cpened only in the dry box or to a vacuum system.
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i• All fluorine reactant syntheses were conducted employing the alL-metal

! .... vacuum system illustrated in figure 1. Two nickel reactors of 150-mi

• -. :..,capacity and one stainiess steel reactor of 60-al capacity were used for the

•:•i••:•i'synthesis work. The specific synthesis procedures employed for each reactant

*,_, synt~hesized are described in the sections devot~ed to the results obtained •.

iii •:: with tereactants.•

•L•T ...... kt chemical analyses on fluorin~e-containing oxidizers were made in part

*~':•..... by Gaibrai.th Laboratories, Inc. of Knoxvile, Tenn. X-ray (Debye-Sherrer-

*+ powder pattern) analyses were made by Malex of Palo Alto, CA., and nuclear.
•: i activation analyses were made by General Activation Analysise, Inc. of San

, .... :Diego, CA. Kisse spectrographic analysis on gas products was made by

'• .... •Ultrachem Corporation of Walnut Creeks CA.

jim~ill'Since all of the f~luorinated reactants and some of• the fuels employed i.n

,, this program were sensitive to decompositi.on by moisture to some degree, they

were handled entidrely in an i.nert atmnosphere of dry nitrogen. A "Dri-Lab"

inert atmosphere chamber, manufaectured by D. L. lherring Corporation, was

•i [ employed foa" pract4.cally all transfer operations.

§ Differential thermal analysis tests (DTA) were made using 10- to 15-mag

i samples of the dry gas generator mixtures under a nitrogen atmosphere in a

i 0.9-in.-diemeter by l.5-in.-long alueiniu. block heated by an 80-watt ITT

i ~~Vulcan heating probe whi.ch produced a heating rate of 30 to 40 (C/mi. The

• ~~absolute values and dif~ferential temperatures were recorded using a two-pen -

!! ~strip chart recorder. Froim analysis of the charts, the relative values of ;•
'• ~the autoi~gni.tion temperatures and the magnitude of the associated exothermic i

energi.es were determined. In addi.ti.on, the presence of endothermic melting

occurring before attaining the auto igni.tion temperature could be detected.

Due to the reactive nature of the fluorinated reactants employed, the samples

were tested in both glass and stainless steel sample tubes to eliminate any

possible oxi.dizer-glass exotherms.
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A large number of reactant systems was screened with atmospheric

pressure combusLion studies. The nitrogen atmosphere ignition and combustion

testing apparatus used is shown in figure 2. it is essentia&Uy an all-glass

system to allow for visual observations of the ignition and burning

processes. A stainless steel grain case was used only in cases where tiame

temperatures and atmospheric burning rates were being measured.

Chromel-alumel'thermocouples attached to a 5-124 CEC recording oscillograph

were used to obtain flane temperatures and burning rates.

Impsct and friction sensitivity tests were made on all reactant-fuel

systems considered promising from the ignitability and combustion testing.

The impact tests were conducted with an Olin-Mathieson-type drop weight

tester. The samples employed in these tests were placed in sealed sample

holders in a nitrogen atmosphere dry box to avoid hydrolytic reaction before

or during the tests. The friction tests were conducted using an ESSO

118-l n. copper rods to l16Ctlc1l power source
i • ~N2 gas Inlet •

Chromel-alumel.thermocouples

==Gas vent

22-gap michrome wire Igniter Gas scruber bottle

Propellant sample . I solution

Metal support stand (stainless steel) -

Glass vessel or stainless steel grain case

I-llter-capacity resin kettle

Figure 2. Ignition and Combustion Testing Apparatus
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friction tester. The tester was placed in a large plastic bag and flushed

star ting testing. The aple., were mixed ith dimn ri n mxmmo

The~~~~~~~ Vost prmsn4ecan ytmcniatemondjr fiaoi gn_-uas ý

ignition end cabetin ceeigtepS.to described-above. Th. f ormulatiLong
were- mixe Aid fabricated into frin or test firing An a small test motor. _

-The. grain" cae wr onstructedd of stainless' steeltubing 1.92 In. Long
hav. ing an. internal diameter of 0.9 -in. Four-pressings of equal aioiiits of

the thoroughly mixed dry, reactant-ifuel -composition ware''made per__gri.- -A
ftorce of 2000-lb (3000 psi) uwto appie with ech-pressing usinug -a stainless

steel punch and an RC-55 Inorpac 5-ton hydraulic cylinder. The entire,_

opeatin as conducted -in..a dry. box- under- constant nitrogen .flush. The

twill test mo0tor asseby-is shown in figures 3 and 4. The material of

construction was stainless steel with Teflon 0-ring seals. The assembly

consisted of tLe rods, t ransducer and thermocouple attachment tee, solid

spacer, grain case, end closures (with a nichrome wire igniter sealed through

one end closure), motor body, and steel nozzsle and holder attachment. The

pressures developed in the-motor were determined with a 0- to 1000-psia-range

Statham transducer, to which was attached a 1000-psig rupture disc assembly.

The transducer was attached to a 5-124 CEC recording oscillograph operated at

a chart speed of .25 in./sea. The chamber pressure was varied from 14.7 to

500 psi& by variations in the nozxle diameter. The exhaust line from the

motor was provided with gas sampling takeoif and vacuum.

Experimental Results

For the task 2 evaluation, the five reactants selected from the task I

studies were (1) nitrosonium tetrafluorobromate, NO~rF4; (2) nitrosoniwa

hexafluoromanganate, (NO 2NnP6 ; (3) potassium hexafluorobromate, K~rF6; (4)

potassium tetrafluorochloratet KCIF4 ; and (5) lithiumn pentafluoromanganateo

LiI~zF5. The synthesis, MrA, ignition and combustion studies, hazard

evaluation, and small motor test results are consolidated for each reactant

in the subsections which follow.
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:7 471

Figure 4. Small Test Motor -Exploded View
Nitrosonium Tetrafluorobromate - The compound NOBrF 4 is veil-characterized
and exhibits adequate stability as a reactant for a fluorine gas generator.
The reactant is easily synthesized pure by condensation of NOV with BrF3 (

24 ),
both of these precursors being readily available. For this program, this
synthesis method was employed. Bromine trlitLuoride was placed in a nickel
reactor by a vacuumi-gravity technique and a slight stoichiometric excess of
NOF was added by vacuum distillation. A total of 32.3 g of NOBrF4 was
prepared with a 96.6 percent conversion as shown in table 7. DTA tests
showed that NOBrF4 decomposed at 180 C with a large endothermic heat of
dissociation.

During preparation of candidate reactant systems for DTA tests,
spontaneous ignition occurred upon mixing NOBrF4 with B, S13N4 , S, or BN. On

the other hand, tetrafluoroethylene, Mg3N2, Kel-F, Al, Mg, and NaN 3 were
suitably compatible to~ permit mixing and DTA results vere obtained as shown
in table 8. The NaN 3/kIOBrF 4 composition gave an exothermk~ reaction at
102 C, which is considered marginal for a safe gas generator system.
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TABLU 7. PREPARATION AND PROPERTIES OF NOBrF 4 REACTANT SYSTEMS

Preparation of HOBrF4

Prep. NO, 'O-y, BrF, BrF3 , BrF3 /NOF, Reaction Conversion,
-No.' -40 (moles) (gý (moles) -(sole ratio), Temp. ()(purtent)_

1 8.986 .183 ._24.667..._.180 .984 ., . _96.,6

Impact and Friction Sensitivity Tests of NOBrF and N2:

Impact
. .Te.. -- Fuel, .. no 4  Sensitivity, Friction a
No. ,uel (weight percent) (weight percent) (kg-cm) Sensitivity.

1 1 3.5 86.5 7.6 -

2 Mg3N2 10.1 89.9 - no sensitivity

"iamond grit at 70 ft-lb.

,The NOBrF 4/Mg3N2 reactant system was selected for atmospheric pressure

ignition-combustion testing. Ignition was observed to occur readily with an

87 weight percent NOBrF 4 composition, combustion was complete, and the

burning rate was moderate in a tamped powder configuration. Impact and

friction tests were made on this composition; the mixture was found to be

very impact-sensitive but not friction-sensitive, as shown in table 7.

Work on NOBrF 4 was not continued in light of the potential detrimental

effects of BrF and NOF on deactivation and the high reactivity of NOBrF 4 with

fuels observed during the early exploratory Cests described above.

Nitrosonium Rexafluoromanganate - The compound (NO)2HnF6 has been reported to

have mufficient stability to be considered as a reactant for fluorine gas

generation. For preliminary screening studies, the compound was synthesized

by the procedure of Bouy(20) by reaction of )RF 3 and NOF in a large excess of

BrF3 at 100 C. The excess BrF 3 was subsequently removed at 120 to 150 C.

The conversion, noted as slightly greater than 100 percent, was probably a

result of the presence o NOBrF 4 produced from a slight stoichiometric excess

of NOF introduced into the reactor. •rA of the (NO) 2HnF 6 reaction product
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TABLE 8. DTA OF NOBrF4 AND VARIOUS FUELS

- Test- Fuel 9OBr14  Endotherm, zxohgerin,
NO& Fuel Welkht Percent (weight percent) (C) (C)

1 NO" - 100 179s

2 (C21) 9.9 90.1 1902

3 . -- Spontaneous ignition
on mixing

4 813,4 10.7 89.3 200m 83a
Sporadic ignition on
mixing

5 NN 2  24.5 75.5 176s

6 Kel-I 10.6 89.4 179&

7 8 - - Spontaneous ignition
on mixing

8 Al 10.1 89.9 179s

9 us 10.6 89.4 1718

10 NaN3  10.6 89.4 1570-W 102a

11 BN - Gas evolution on mixing

NO1: s a strong, a " msdim, w u weak

showed no tendency for decomposition below 200 C (see table 9). These data

thereby confirm the reported stability of the compound.

Mixtures of (NO) 2MnF 6 and selected fuels were made to provide

preLtinuery DTA data. As shown In table 9, the material. was found to be

compatible with every fuel tested, including fuels that resulted in

spontaneous ignition with NOBrF4. DTA results showed most fuels with

(NO) 2NnF 6 gave only endotherms at temperatures of 200 C or below (e.g.,
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T. .Z• 9. MA 0 (o) 21h16 (ND MD VAUWS rMLS

-Test .710i (U0)2NM6, gadotherem, Sxotherm,
No.I fuel Weight Percemt (weIght percent) (C) (C)

1ý Nlame 100.0 200w, 3... 29. .

2 .... 9.0 91.0 200v, w 2044

3 Al 8.8 91.2 20Ow, 300w. 254w, 287w

4 . 9.7 90.3 . 97vm, 138vi °

5 MY 10.5 89.5 200w, 298m 2871w

6 S 10.1 89.9 195w, 271m -

7 NAN3  11.2 88.8 - 127a

8 1g312  9.8 90.2 200w, 300. 287w

NOTE: vs - very strong, u - strong, a - moderates • - weak,
w - very weak

perfLuoroethylene, aluminum, sulfur, and magnesium nitride). Exotherois at

comparatively low temperatures were observed with boron (100 C) and NaN 3

(127 C); magneasium showed a higher exotherm at 287 C.

Because o: the reduced fluorine levels calculated for reactant systems

employing (NO) 2MnF 6 , no further work was conducted with (NO) 2MnF 6 .

PotassiLum Hexafluorobromate - The compound KBrF 6 has previously been shown to
be a thermally stable material exhibiting high reactivity characteristics

rvil! fuels.

For this work, KBrF 6 was prepared from KF and UrF 5 according to the

procedure described by MacLaren et al.( 2 1 ) An excess of BrF 5 was vacuum

distilled onto KF in a nickel reactor and this a•ixture was heated to 100 C

for several hours. The unreacted 3-F5 was subsequently removed by vacuum
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distillation. Five preparations of KBrF 6 were made as shown in table 10. As

previously reported, it wa fouid that the conversion to KrF6 wOs about 80

•percent sad independent of the reaction time and mount of excess BrP 5. To

improve the conversion of K? to KnrF 6 , the reaction product from preparation

5 was removed from the reactor, pulverized, and returned to the reactor with

additionals Dr 5 . The conversion increased from the 80 percent level to

approeimately 95 percent by this treatment.

Kir76 is thermally stable to about 200 C as shown by the DTA results in

table 11. With fuels, however, the compound was tound to react at much lower

temperatures. As with NOirF4, KBrF 6 reacted spontaneously when mixed with

boron. With S13N4 and S10 2 , exotherms were measured at temperatures of 130

to 160 C. No exotherms to the maximum experimental temperature of 500 C were

observed with perfluoroethylene or tg 3 N2 .

Impact and friction tests were made on a 92 weight percent KBrF 6 /8

weight percent N93N2 composition and the impact sensitivity was measured to

be 15 kg-cm with no measurable friction sensitivity. These results indicate

that D~r? 6 systems are safer to handle than the equivalent NOmF4 systems.

An atmospheric pressure ignition and combustion test was conducted with

a tamped mixture of 89.6 weight percent KBrF 6 and 10.4 weight percent M93 N2.

Ignition occurred readily, and the composition burned completely with a low

burning rate.

A total of five grains of between 16 and 24 g each with the approximate

composition of 90 weight percent KBrF 6 /1O weight percent Mg3t42 were prepared

by pressing at a nominal pressure of 3000 psi giving an average grain density

of 2.21 g/cc. The test data obtained from these grains are summarized in

table 12. One grain was fired in the atmospheric pressure test apparatus and

the other four were tested in the small test motor. The fleme temperature

measured by a thermocouple in the test grain at I atm varied from 1143 to

1403 K. Plugging of the motor nozzle with melted and resolidified igniter

wire particles was a problem in two st the tests. This problem was overcome

by employing an oversized nozzle and maintaining a constant nitrogen flow to
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TABLE 10. PREPARATION OF KBrF6

Prep. KF, KF, BrF, BrF5, BrF5 /KF, Reaction Conversion,
No. (S) (moles) (gy (mole.) (mole ratio) Temp., (C) (percent)

1 4.832 .0832 20.55 .117 1.41 100 71.5

2 20.945 .360 105.7 .604 1.68 135 84.5

3 19.460 .335 105.4 .603 1.80 135 82.1

4 28.088 .483 101.4 .580 1.20 135 81.5

5 25.297 .435 103.6 .592 1.36 135 79.4

6 a (75.710g) 58.7 .336 - 135 94.5

Product from reaction No. 5.

TABLE 11. DTA OF KBrF AND VARIOUS FUELS
6

Test Fuel KBrF6 , Endotherms, Exotherms,

No. Fuel Weight Percent (weight percent) (C) (C)

1 - 100 190w, 292w -

2 (C2F 4 )n 9.5 90.5 190w, 292w -

3 B - - Spontaneous ignition on
mixing

7. 4 Si 3N4  9.6 90.4 - 130 vs (flame)

5 Mg 3N2  12.5 87.5 184vw, 279vw

6 Sio 2  10.3 89.7 - 161m

7 Si 3N4  5.u 95.0 - 135s

8 Si 3 N4  i.0 99.0 186w, 287vs -

NOTE: vs - very strong, s - strong, m - medium, w - weak, w - very weak
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TABLE 12.. GRAIN COMBUSTION TESTS OF K~rn6 AN Mg? 2

Grain Graili Grain Burning
Tooat Fuel, lC~rF6, Weight, Lengi~h Density, Rate,0

- Weight-Percent -(weightý percent) (g) (in.)- (,/cc)- (in -I/ec)
~3210. 2 89.8, 16.637,- 74 -2.16 '.03

Test pressure: 14. 7 pete_- combustion, complete -somes

liquefaction during combustion

2 H2S3 9.5 90.5 22.467 .90 2.19

Combustion complete - no pressure measurement- residuel 64.6X

3 MgN2 10.0 90.0 21.967 .95 2.23-

Ignition spike - 1000-psi rupture disk relieved

4 Mg3N 9.6 90.4 23.737 1.02 2.24-

Malted ignition wire plugged nozzle -1000-psi rupture disk relieved

5 I43N2 10.4 89.6 23.694 1.01 2.25 .05

Nitrogen fl1ow permitted use of oversize nozzle - N 2 pressure: 63-psia-

F2pressure: 127-psia max.

provide a pressure level in the motor before and during combustion. Measured

burning rates were comparatively low, .03 in./sat at 14.7 pesi and

.05 in./*4c at approximately 100 psia.

*From these tests, it appeared that this solid reactant system could be
successfully developed. However, efforts on the KBrF 6 system were
discontinued during the task 2 portion of the program because of the
uncertainties ot the intiuence ot the combustion product, BrF, on laser

performance.

Potassium Tetrafluorochlorate -The preparation and identification of KCIF 4
has been reported; however, information on the physical and chemical

properties of this compound is limited.

For the investigations in this program, KClF4 was prepared from KF and
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CIF 3 according to the procedure described by MIcLaren et al.(21) A series of

eight syntheses was conducted to prepare sufficient material for test

evaluation. The experimental conditions are given in table 13. A total of

547 g was prepared with purities ranging from 92.8 to 98.5 percent. The

lowest conversion was obtained ii, preparation No. 2, whereL-y a stoichiometric

quantity of CIF 3 was added to the KF. In 11l other preparations, excess

CIF3 was used and subsequently removed by vacuum distillation.

DTA tests of KCIF 4 showed some endothermic activity at 97 to 100 C which

is moot likely melting. The higher endotherms at 230 to 240 C are consistent
with the decomposition temperature reported i. the literature.

An extensive number of fuels with KCIF 4 were examined by DTA, as shown

in table 14. With boron, Li 3 N, and Ca3 N2 , ignition between KCIF 4 and the

fuels occu7red on mixing. Low temperature exotherms were observed with

sulfur, BK, and NaN 3 . Of the nitrides, only Mg3 N2 showed stability above

200 C. Compared to the previous reactants, che reactivity of KCIF 4 appeared

less than either NOBrF 4 or KBrF 6 .

An atmospheric pressure ignition and combtistion teot was made with an

88.5 weight percent KC1.F4111.5 weight perc.nt Mg.IN2 mixture. Incomplete

combustion was obtained with the tamped powder which might be expected from

the weak exothermic reactivity recorded by DTA. On the other hand, a tamped

mixture of 89.9 weight percent KC1F4 /10.1 weight percent NaN 3 ignited easily,

had a reasonable burning rate, and burned completely.

The impact and friction sensitivities of KCIF 4 with the most promising

fuels were evaluated and the results are listed in table 15. The candidate

KC1F 4 reactant systems are all safe to handle according to these results ;.

the proper precautions are taken. The impact sensitivities for the reactants

appear to correlate with their reactivity with the fuels in that the impact

sensitivities decrease in the order: NOBrF 6 > KBrF 6 > KCIF 4 .

SA totii of 16 pressed grains were prepared from various compositions of

KCIF 4 and fuels using a compaction pressure of 3000 psi. One grain, prepared
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WU -1U3... PUPAIRATION OF W~?

Reaction
"Prep. t, V, CL7 3 , Cl?3 , .- ¢Cl3/KF, TeMp., CoCveUion,

Mo. (a) (moles) (g) (moles) (mole ratio) sC) (percent)

* 1 9199 1 .158 33.9 .367 2.32 130 97.7

* 2 16.945 .292 - 27.0 .292 1.00 135 92.8 .

3 21.92 1 .377 49.5 .535 1.42 135 96.4

• 4 23.634 .407 48.4 .523 1.29 135 96.7

5 27.056 '* 111.8 1.209 2.59 135 97.1

6 26.477 .456 98.1 1.061 2.33 135 94.0

7 28.372 .488 84.3 .912 1.87 135. 97.4.

8 24.806 .427 94.4 1.021 2.39 135 98.5

using Ng3N2 as the fuel, vas tested at atmospheric pressure and did not

sustain combustion. All other grains were tested in the mall test motor.

Five KCIF 4-NaN 3 grains were prepared; however, during the preparation of

three other KCIF4 -NaN 3 grains, spontaneous ignitions occurred during either

the mixing or pressing operations. All five KCIF 4-NaN 3 trains fired in the

motor ignited and burned successfully. Test data are noted in table 16 as

test# 3 through 7. Burning rates varied from .05 to .09 in./sec. The

KCIF 4-NaN 3 grain used in test No. 8 was fired into an evacuated holding

cylinder for gas sampling. The burning rate was very low and the limited

quantity of gas evolved in comparison to the other tests shoved the intLuence

of a large pressure effect. A sample of the combustion products was

submitted for mass spectrometer analysis; however, instrumental difficulties

prevented a satisfactory aualysis.

A total of seven additional grains were prepared from the KCIF 4-AI

reactant system using cluminum powder of 6 to 9 microns. The first grain had

a 95 weight percent KC1F 4 /5 veight percent Al composition and was

successfully fired in the motor (test No. i0). The burning rate at a chamber
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TABLE 14. DTA OF KClF4 AND VARIOUS FUELS

Test Fuel KC1F 4 , Eadotherus, Exotherma,
No. Fuel Weight Percent (weight percent) (C) (C)

1 - 100.0 100w. 236w, 265w

2 (C2F4)n 10.1 89. 100w, 233w, 260w -

3 Si 3 N4  9.6 90.4 97v 149vs

4 BN 16.8 83.2 1O0w, 119s

5 B - Spontaneou. ignition on mixing

6 Hg3N. 22.2 77.8 97w, 230w, 260w 285v

7 Al 10..0 90.0 97w 281a

8 Mg 9.9 90.1 97w, 238w, 265w 260w

9 S 9.7 90.3 94vs

10 NaN3  10.1 89.9 105s

11 Kel-F 10.3 89.7 97w, 233w, 287w 300w

12 Li 3N - - Spontaneous ignition on mixing

13 CaN 2 - - Spontaneous ignition on mixing

14 AIN 5.1 94,9 101w, 240w, 289w 168m

NOTE: vs - very strong, s - strong, m - medium, w v weak

pressure of approximately 300 psia was .04 in./sec. The high theoretical

tiare temperature of 1700 C and the presence of corrosive gases combined to

cause partial consumption of the stalnless steel grain case. Five attempts

were made to successfully burn grains prepared with a lower aluminum content

of 97 weight percent KC1F 4 /3 weight percent Al. The first grain could not be

ignited even after prolonged heating with a nichrome wire grid. To

facilitate ignition, more easily ignited compositions were placed as a cap on

top of the 97 weight percent KCIF 4 /3 weight percent A! grains. The first cap
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TABLE 15. SENSITIVITY TEST DATA OF KCiF AND VARIOUS FUELS
4

Friction
Test Fuel KC1F4 , Sensitivity, Friction

No. Fuel Weight Percent (weight percent) (kg-cm) Sensitivity

1 3R2  11.5 88.5 36.52 N8S3F2 10.1 89.9 - No sensitivity

3 NaN3  10.1 89.9 16.0 No sensitivity

4 Al 5.4 94.6 54.0 No sensitivity

5 Aix 5.1 94.9 13.3 No sensitivity

a Diamond grit at 70 ft-lb.

employed was a 90 weight percent KBrF 6 /10 weight percent M03 N2 composition;

this cap ignited satisfactorily but ignition of the grain did not occur (test

No. 12). A cap of 95 weight percent KCIF 4 /5 weight percent Al was next

examined and gave the same results. The cap residue was removed from the

grain and a second cap of 90 weight percent KCIF4 /10 weight percent NaN3

successfully ignited the grain (test No. 13). This same composition cap was

not successful in igniting a second grain (test No. 14), nor was a cap

comprised of AgF 2 -MS.

A grain was formulated with 96 weight percent KCIF 4 , 3 weight percent

Al, and 1 weight percent NaN3. While it cou'd not be ignited directly with

the hot nichrome igniter grid, combustion was complete when capped with an 89
weight percent KC1F 4 /II weight percent NaN3 composition. A burning rate

of .03 in./sec was measured at a chamber pressure of 30 to:80 psia.

Four grains were pressed and fired in the small motor with a 95 weight

percent KCIF 4 /5 weight percent AIN composition. They all ignited easily and
burned completely with burning rates ranging from .014 to .055 in./sec. One

grain was fired into a holding cylinder, previously passivated with fluorine,

which had been evacuated and filled to one atmosphere with helium. A sample

of the combustion gas products was submitted for mass spectrographic
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analysis. The analysis showed the major components of the sample to be CIF

and C12 accotnting for over 90Z of the sample. Minor components included

CH2ClF# CR 2 F2 , CHF 3 , and F2. The KC1F 4 -AIN reactant system operated most

successfully of the KCIF 4 reactant systems.

Lithium Pentafluoromanganate - Very limited information was available from

the literature on Li~nF5. Hoppe) D~ihne and Klinmm( 31) have reported preparing

the compound by fluorinating LiMnF 3 at 450 to 500 C in a flow system with

sublimation of LiMnF 5 and collection on a cold finger. Since this method is

not considered practical for large-scale production, studies were performed

under the IR6T program to define a more straightforward synthesis route to

LiMnF 5 . These studies applied the method for preparation of KIGnF 5 of Sharpe

and Woolf( 3 0 ) to Li•nF 5 .

A series of reactions was performed using variously MnF 3 , Mh02, or

MnCI 2 as the starting material with LiF and BrF 3 . A large excess of BrF 3 ,

which acts both as a solvent and reactant, was used. From these experiments,

it was determined that the reaction with YMCl 2 occurred readily at ambient

temperature and the accompanying exotherm resulted in a significant

temperature rise. Ten syntheses using ?MCl 2 were conducted and are

summarized in table 17. In each case, there was a pressure increase during

reaction; percent conversion to Li•nF 5 on a weight basis was 95 to 100

percent. The gaseous products formed during the synthesis of LiInF5

(preparation No. 8), as analysed by mass spectrometer, are shown in table 18.

The C12 , BrCl, and Br2 sre expected products. The source of the

hydrogen is not known. The KnC1 2 , used as a starting material, was

investigated to ensure that it was not a hydrate. Chlorine by analysis was

54.73 percent (theoretical - 56.35 percent) and, upon vacuum drying at 155 C,

only a 1.27 percent weight loss was found. A sample was also submitted for

X-ray analysis and fouad to match the ASTM d-spacings tor anhydrous MnCl 2.
It was concluded that the hydrogen was obtained from secondary reactions

during the maos spectrometer analysis.
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TABLE 18. LIMnF5 SYNTHESIS PRODUCT GAS COMPOSITION
Mole

Compound Percent

C12  60

BrC1 17

HC1 11

Br2 9

HBr 2

The color of the products obtained from the LiF-MnCI 2 -BrF 3 reactions hs

not always been consistent, as noted in table 17. As a result, samples were

submitted to determine d-spacings from their X-ray powder patterns. The

d-spacings show similarities (as compiled in appendix C) but do not match

exactly. The ASTH index does not contain a pattern or d-spacings for LiMnF 5 .

None of the patterns indicate the presence of LiF, MnC1 2, MnF 2, or MnF 3.

Three preparations were made using MnBr 2 as a reactant. As in the case

of MnC1 2 , it was found on the basis of weight change that the reaction

product is LiMnF 5 with conversions of 94 to 99 percent. Wih MnBr 2 , the heat

of reaction was greater than with MnCl 2 , but the gaseous product pressure

buildup was less, due to the liberation of Br2 instead of C12 which has lower

vapor pressure at ambient temperature.

Three reactions to prepare MnF 4 were made using only manganese halides

and BrF 3 to obtain a better understanding of the LiF-MnCl 2 -BrF 3 and

LiF-MnBr 2 -BrF 3 reactions. Tha divalent halides MnF 2 , MnC1 2 , and MnBr2 were

employed. The reaction product in each case was- purplish-blue to gray-blue,

consistent with the literature. The solid reaction products from the

fluoride and bromide reactions corresponc.eO to InF4 on a weight basis with

conversions of 96 and 97 percent, respectively. However, the chloride

reaction product calculated 112.3 percent uonveraLon on the basis of MnFi and

ma ore reasonable 101.7 percent if MnF 5 is assumed the product. Ini each

case, the product appeared to be stable at ambient temperaturo.
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The results of wet chemical analyses of the various reaction products,

LLInF5 and NnF4, have not been completely satisfactory. In no case has

analysis accounted for 100 percent of the sample, the missing constituents

amounting to from 10 to 25 percent of each of six samples. The possibility

of incomplete conversion of KaCl 2 (or tI*Br 2 ) was evaluated by analysis for

chlorine and bromine but together these elements account tor less than

1.5 percent of the sample. These data are thereby consistent with the X-ray

- diffraction data which shoved no LiF, ?nC1 2 , or MnBr 2 in the samples. The

analysis did provide expected lithium and manganese concentrations but

effectively did not account for the active fluorine. A second approach to

analysis by neutron activation analysis for Mn, F, and Br differed from the

results obtained by wet chemical analysis by showing higher fluorine content.

The possibility of hydrolysis of the samples during handling is a

*; plausible explanation for the analysis discrepancy. This possibility is

consistent with the weight change during synthesis, the chemical reactivity

of the resulting products, and the weight change on decomposition of Li.nF5 ,

as will be diocussed later.

LiiaF5 was fourd to be compatible with more fuels than the other

reactants, as shown in table 19, but was not completely compatible with

Mg3 N2 nor Ca3 N2 . 4No ignificant endotherms were noted for LiLnF 5 mixtures up

to the DTA limit of 500 C; however, decomposition could have occurred without

an appreciable temperature change. Exotherms were noted with NaN3 , A1N, and

Ca3 N2 . Upon mixing Li~nF 5 with either Mg3 N2 or Ca3N2 , some sparks were noted

and in some cases the mixture would glow brightly tor a few seconds.

A series of atmospheric pressure ignition and combustion tests was made

with tamped mixtures of Li1nF5 and selected fuels as shown in table 20.

Complete combustion was obtained with a 90 weight percent LiMnF 5/l0 weight

percent NaN 3 mixture; however, a 95 weight percent LifnF5 /4 weight percent

NaN3 /l weight percent Al composition would not sustain combustion. With

magnesium as the fuel, sustaining combustion occurred with 5 weight percent

Mg, but 2.5 weight percent Mg showed marginal combustion behavior.
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TABLE 19. DTA OF LiMnF5 AND VARIOUS FUELS

"Test Fuel LivnF5 , Endotherms, Exotherm,

No. Fuel Weight Percent (weight percent) (C) (C)

1 NaN3  10.2 89.8 124s

2 AIM 5.0 95.0 - 287vw

3 Al 5.2 94.8 -

4 Ca3 N2  5.5 94.5 - 106w.

5 LI 3? 5.7 94.3 -

6 Ma 2.5 97.5 -

7 Mg 5.0 95.0 -

8 NamN3  9.8 90.2 - 123s

NOTE; a - strong, wm - weak to medium, w - very weak

Similarly, a 5 weight percent Al mixture burned well and a 2 weight percent

Al composition did not. An AIN-LiMnF 5 mixture and an Fe-LiMnF 5 mixture both

showed activity upon ignition but failed to sustain combustion.

Based on the ignition and combustion data, sensitivity tests were

performed with a 90 weight percent LiHnF 5/l0 weight percent NaN 3 composition

and exhibited an impact sensitivity of 150 kg-cm and no friction sensitivity.

A 95 weight percent LinF5 /5 weight percent Mg composition gave an impact

sensitivity of 92.3 kg-cm and no friction sensitivity.

Difficulties encountered during preparation of Li~nF5 -NaN 3 grains were

counter to the reasonable impact sensitivities noted above. Three of five

NaN 3 grain preparations ignited during the pressing operation and burned to
completion in the press. As noted in table 21, a 5 weight percent NaN 3

grain, successfully prepared, would not sustain combustion in the

configuration tested. At 7.5 weight percent NaN 3 , combustion could be

obtained as noted in test No. 5. The exhaust from this test was passed

through KI solution but since the KI-F 2 reaction is not quantitative, the
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1.77 pe'ken" yield of fluorine from the grain based on evolved iodine is only

an indication cf fluorine generation.

Four grains were prepared from a 97.5 weight percetit Li~nFs/2.5 weight

percent Mg composition. Two grains were tested at ambient temperAture and

pressure. The LI*nF 5 used for the first grain was prepared from the

LiF-MnCI 2 -BrF 3 reaction. The second grain, prepared with Li}nF5 from the

LiF-MnBr 2 -BrF 3 reaction, appeared to ignite easier but in neither case was

sustained combustion obtained. Two grains, prepared with 7I•niF5 from the

LiF-HnGl 2-BrFA reaction, were fired at ambient pressure and at an elevated

temperature of 150 C. The first grain ignited and burned completely but the

burning rate was very low. The combustion gap pvoducts were swept into a KI

solution with nitrogen. The liberated iodine calculated to be a 1.24 percent

fluorine yield. The second grain ignited and combustion occurred in the

center of the grain.

A sample of LiMnF 5 was exposed to air to determine the magnitude of the

hydrolysis rate. A sample of CoF 3 of essentially the same weighL was

examined for comparison. Weight changeo were taken as a measure of

hydrolysis. Both samples appeared to reach a maximum weight increase after

20 to 24 hours, as shown in figure 5, and in the case of LUMnF 5 , subsequent

expon ure caused a loss in weight. The conclusion which can be drawn is that

LiMn 5 hydrolyzes slowly in air at a rate somewhat like that of CoF 3 .

The thermal decomposition of LiMnF 5 was investigated under vacuum

conditions. A sample was placed under a continuously waintained vacuum and

the weight loss was measured at various temperatures. The data are listed in

table 22. There was art initial weight loss at ambient temperature that could

be interpreted as loss of residual BrF 3 . The greatest weight loss occurred

at 170 F and above; thus, LiMnF 5 appears to be fairly stable to thermal

decomposition. After heating fur a total of 20.7 hours at temperature levels

of 125, 175, 225, and 300 F, 11.35 percent of the weight of the sample was

lost. Correcting -his value for the ambient temperature weight loss, the

resulting figure of 12.24 percent corresponds closely to the value

attributable to the loss of one fluorine (12.1 percent) from LiMnF5.
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TABLE 22. VACUUMa DECOMP'OSITION OF LLF-MnBr 2 -BrF 3 REACTION PRODUCT

Sample Weight- 4.568 g
Reactor Weight - 528.55 g

Cumulative

Time, Temperature, Weight Loss, Weight Loss, Percent
(min) (F) (g) (g) Sample

0 71 - --
30 71 .030 .030 .66

60 71 .010 .040 .88
9U 71 .007 .047 1.02

120 71 .004 .051 1.12

150 125 .014 .065 1.42
180 124 .012 .077 1.69
210 122 .022 .099 2.17

240 155 .029 .128 2.80
270 174 .112 .240 5.25
300 176 .037 .277 6.06
330 170 .016 .293 6.41

360 223 .0Z5 .328 7.18
390 224 .014 .342 7.49
420 224 .008 .350 7.66
450 224 .009 .359 7.86
480 224 .003 .362 7.92
550 225 .014 .376 8.23
600 225 .006 .382 8.36

630 282 .013 .395 8.65
660 300 .066 .461 10.09
690 302 .070 .531 11.62
720 300 .020 .551 12.06
750 300 .012 .563 12.32
780 296 .008 .571 12.50
840 296 .010 .581 12.72
900 298 .006 .587 12.85

960 298 .006 .593 12.98
1020 302 .002 .595 13.03
1140 302 .007 .602 13.18

1200 297 .005 .607 13.29
1245 297 .003 .610 13.35

a Pressure of 200 microns.

5 51



11.0

10.0 - - __-____

9.0 _ _

S8.0
7.0

*" 6.0

S5.0

Z 4.0

• 3.0 (1) LiMnF

2.0 (2) CoF3

1.0 Percent weight increase versus time (hours)-

I I I I I
0 4 8 12 16 20 24 28

Time, hr

Figure 5. Air Hydrolysis Study
TASK 3: SCALABILITY TESTING AND SUPPORTING ANALYSIS

The objective of this task was to examine the scalability of the
fluorine gas generation systems which were recommended as a consequence of

the work of task 2. A specific objective of the program was development of a
design of a generator producing .25 lb/sec of fluorine for a period of from 1

to 5 sec. An additional generator producing 5 lb/sec of fluorine for 10 sec

was also designed.

During task 2 of the program, all candidates with the exception of

LiMnF 5 had been eliminated from consideration on the basis ot production of
interfering or deactivating species. LiMnF 5 , on the other hand, produces

essentially pure fluorine in the gas phase with the remainder forming a solid

sintered residue. The fluorine yield of approximately 10 percent by weight

is offset by the high purity of the fluorine available.

The results of task 2 showed that the fluorine-generating solid grains

exhibited a uniformly low burning rate with only a modest pressure exponent.

At approximately 100 psia, the burning rates of these gas generator grains

were in the range of approximately .02 to .03 Ln./sec. At 1000 psia the
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burning rate would typically be of the order of .05 in./sec. To utilize

materials with such low burning rates at the flow rates and times specified

in any reasonable geometry required a different design than normally

considered in conventional gas generators. A solution to this type of system

is the incorporation of discrete particles or pellets of the gas generator in

a packed bed configuration with an igniter sized to ignite the entire bed.

In this manner, high flow rates can be achieved through the large surface

area available with the discrete particles. To achieve similar results with

normal grain designs would require abnormally thin webs which are

inconsistent with the physical properties of this type of gas generator. I
The ignition of the pellet bed requires a more elaborate and effective j

technique than the experimental methods employed in the pressed grain

experiments conducted earlier in the program. Althou.0 a the hot wire type of

igniter could eventually accomplish the ignition of all the gas generator

material, extensive ignition delays and long rise times would be the

consequence. A more appropriate ignition procedure involves a device

producing 3 reactive gas with hot particles entrained to initiate combustion

in a large fraction of the particles in the pellet bed. The hot particles

serve to ignite a large number of pellets initially while the reactive gas

serves to pressurize the system to promote combustion as well as to propagate

the ignition by reaction with additional pellets.

In the case ot the design point with the lower flow rates and shorter

burning time, an igniter was employed which consisted of a fluorine gas

generating formulation which burned at a higher temperature, than the main gas

generation grains. This material was a KBrF 6 formulation and was selected to

produce a minimum of contamination during the ignition stage as well as its

high temperature. The igniter stage was initiated by an electric squib

initiator. In the case of the larger generator producing 5 lb of fluorine

per second, an additional ignition stage was incorporated consisting of the

standard fluorine gas generator formulation but with finer particle size to

enhance mwev flow rate. T,'s stage was employed between the igniter grain

and the gas generator grain. The design drawings for the generators are

shown in figures 6 and 7, respectively.
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Figure 6. Smaller-Scale Fluorine Gas Generator Design
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Inconel-718 was selected for the material of construction since it
embodied the best combination of properties required for the design
requirements. It resists corrosion by fluorine and is frequently employed
for this purpose. It further exhibitp good strength-temperature
relationships and shoudld be adequate for the times involved in the
requirements. Further, it is less expensive than other materials such as
nickel which are sometimes employed to resist fluorine corrosion.

No filters are #hown in the design sketches. These are conceived of asseparate packages and, in view of the tendency of the gas generator grain to
form a self,-filtering clinker, may be of minimum size.
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CONCLUS IONS

The exploratory program described in this report was aimed at defining

fluorine reactant systems from available or easily synthesized compounds thAt

could be considered for chemical laser operations. The impact of the exhaust

composition from candidate gas generators on overall laser system size and

performance could not be quantitatively defined for many of the compositions

considered in the program; therefore, subjective evaluations were made to

reduce the number of candidates to a workable number consistent with the

scope of the progran.

The conclusions that can be drawn from the work reported earlier are as

follows:

A. As a result of an in-depth literature review, a series of 32

candidate reactants were identified that potentialy met the minimum

requirements for fluorine generation of 10 weight percent fluorine. .

Of these, 22 also potentially met the goal of 25 weight percent

fluorine.

B. A list of 13 candidate reactants were identified that met realistic

performanee criteria primarily involving safety, stability, and

cost. A large number of the original 32 candidates were rejected

for safety considerations.

C. Of five reactants selected for experimental evaluati on, small-scale

grains were prepared and tested using KBrF 6 , KCIF 4 , and LiHnF 5 as

the fluorine-generating ingredient. Satisfactory combustion and

ignition of KBrF 6 /Hg 3 N2 and KC1F 4 /AIN reactant systems was

demonstrated.

D. A low-cost, one-step route for the preparation of litkiF5 was

established. The compound was determined to be stable to

decomposition under vacuum at temperatures up to approximately 160 F.

Low hydrolysis rates observed in air were in agreement with the

low apparent reactivity observed upon adding LiMnF 6 to water.

E. The compatibility ot LLlnF 5 with various fuels was demonstrated.

Ignition and combustion studies showed the feasibility of

developing LiYnF 5 reactant systems that produce only fluorine as a
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gaseous product. The fluorine yield for the candidate formulations

is of the order of 10 weight percent.

F. The design of a fluorine gas generator using a LihnF5 /Mg

composition shoved the ignition system to be the area of greatest

importance in scale-up.
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APPENDIX A

REACTANTS CONSIDERED LIST

The reactants considered list is composed of five tables depicting the

properties of 32 candidate reactants. Table A-1 consists of a ctumary of the

results of thermochemical equilibrium calculations conducted at temperatures

of 300, 1000, 1500, and 2000 K and 1 atm pressure. These computer

calculations effectively described the products of equilibrium 4issociation

of each reactant at each of the four designated temperatures. The data

tabulated for each candidate include the weight percent fluorine available as

F, F2 , and NF3, and the a at 1500 K. Table A-2 contains the aore important

physical properties such as melting point, vapor pressure, decomposition

temperature, preparation temperature, and heat of formation as well as

chemical properties such as chemical reactivity and overall stability. These

data were summarized from the literature. The decomposition temperature was

generally that temperature where the material was reported to exhibit an

appreciable dissociation pressure. The reported preparation temperatures

were listed since, in some instances, these values depicted the ovcrall

thermal stability where more direct data were lacking. The heats of

formation were estimated in many instances and are so noted.

Table A-3 lists availability data, the most common synthesis routes, and

estimated costs for preparation of various quantities of each reactant from

10 to 10,000 lb. The availability &seessawnt was made on a comparative basis

of the commercial availability of precursors in the synthesis of each

reactant and the complexity of synthesis. Costs were estimated based on

labor and raw material costs only. As such, these costs presume existence of

manufacturing facilities (e.g., no capitalization costs) and also do not

include costs for process development. As a result, these costs are

siLgniticantly less than can be expected, particularly for the very limited

quantities included in this survey, and are presented for comparisoil purposes

only.

Table A-4 is devoted to the properties which relate to potential hazards

associated with the preparation and uses of the materials. These properties
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include the reactivity with dry or moist air, the toxicity of precursors, and

toxicity of the decomposition products. The data for this table were

obtained from information developed from the literature search.

Table A-5 consists ot a summary compilation of the thermochemical

calculations of candidate reactant syiteKws performed to evaluate the primary

performance paraineters of theoretical flame temperature, product composition,

and weight percent fluorine.
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TABLE A-1. I'LUORINP YIELD OF REACTANTS
(RCL- 1)

Reactant Reactant Fluorine Yield, (weigbt percent)
11o. Compouition 300 K 1000 K 1500 K 2000 K 1500 1C

1 NF4BF4 53.72 53.72 53.72 5..72 1.152
2 XeF, 46.47 46.47 46.47 46.47 1.159

3 2NOF'XeF6 18.46 37.60 43.81 44.24 1.167

4 KrF2 XeF 6 41.40 41.40 41.40 41.40 1.168
5 NOcIF4  6.25 32.34 39.97 45.13 1.177

6 4XeF 6 "MnF4 41.00 42.68 42.68 42.72 1.155

7 4XeF 6 "SnF 4  38.78 38.78 39.78 38.78 1.157

8 NOFXeOF 4  19.65 34.40 40.10 40.51 1.177
9 XeF,*2BrF5  7.32 15.75 36.03 38.26 1.140

10 XeF 6BF 36.41 36.41 36.41 36.41 1.1606 3
11 NF4AsF 34.06 34.06 47.23 47.68 1.120

12 (NO) 2 MnF 6  0 15.64 24.18 74.93 1,!6
13 1¢rF6  16.30 30.94 32.06 34.66 1 .s5 a

14 NF3 O-SbF5  8.49 15.18 18.55 18.75 1.129
15 NOBrF 4  0 3.89 29.82 33.38 1.149

16 XeF 2 "XeF 4  30.27 30.27 30.27 30.27 -

17 BrF6 AsF 6  9.93 15,52 38.98 40.65 1.118
18 NOAWF 6  0 4.85 25.42 26.02 1.124

19 NF4 SbF6  29.16 29.16 29.16 29.16 1.131
20 N2 F 3AsF 6  27.74 27.74 41.23 41.62 1.125

21 RbBrF 6  0 8.19 26.81 28.91 1.148

22 KC1F 4  0 24.89 25.29 30.42 1 .0 9 5 a

23 01F2 BF4  0 23.49 23.77 28.52 1.166
24 CIF 3 O.BF3  0 21.39 21.62 26.18 1.175
25 CsBrF6  0 7.00 22.91 24.71 1.140
26 XeF 2  22.45 22.45 22.45 22.45 1.195

27 NOVF 6  - 5.80 18.17 19.48 1.103 X

28 XeF 2 "MnF 4  - 18.97 18.77 19.03 1.153 X
29 XeF2. VF 5  - 12.36 17.32 18.02 1.113 X
30 MnF 4  14.50 14.23 14.63 1 . 0 7 7 a x

31 LiMnF5  - 12.10 11.81 12.27 1 . 0 7 4 a X

32 1GinF5 - 10.04 9.85 10.15 1 . 0 7 5 a x

alncludes condensed phase6,
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-TABLE A-4. REACTANT

Precursor Toxicity

Rec t wThreshold
Reactant Rtactant Reactivity with LiLit

go. COmposition Dry ,Air Moist Air Compound Value Coments

1, NF4BF4 None Forms HEF NF 3 , NF1 29 Mildly toxic
and BF3  BF3 3 Irritant

= 2 Reacts to form
for BY - 2 mg/

2 XOF6 None Forms hazardous Xe N/A Asphyxiant
products and VF1 72 .2 Reacts to form

3 2NOF'XeP 6  (None) (Forms hazardous Xe16 - See XeF6
products, HF end NOF - Reacts to formNeX)

4 KrF2.Xe7 6  (Forms hazardous KF 2  - Reacts to form
products and HF) XOF6 - See Xe6

5 NOCdF 4  None Forms 97, HC1, NOF - Reacts to form
and NOX

C1F 3  .4 Str6ng irritant,

6 sF 6.MnF4 (None) (Forms hazardous XeO6  - 0e0 XF6
products and HF) MnF4 6 Dust, causes n

system disorder,

7 4reF6"SnF4  (None) (Forms hazardous X1F6 - See X0F6
products and HF) SnW4  (2) Toxic fume on

decomposition

*3 NO1XeOl4 (Forms hazardous NOF -- Racts to form
products and HF) XOF4 - (Strong irritan

( XGF2"2rF5 (Reacts to form X4F2 - Toxic;r'rritant
HF) BrF5  .4 Strone±,irritant

10 XeF6'BF3 (None) (Form hazardous - So* XF
products and 1i?) BF3 3 Irritant

11 WV4As1 6  None Reacts to form 1173 29 Mildly toxic
HP and toxic F2 .2 keacts to form
product@ As? 5  <.I Cumulative poi

(chronic syst

C-.



* REACTANT SAFETY (RcL-4)

y Decomposition Product Toxicity

Threshold

Limit
Commnnts Compound Value Comments

ly toxic NF 29 Mildly toxic
ant BF3  3 Irritaut
- to form 1WF, (TLV F2 .2 Forms HF in moist air

= 2 mg/m 3 )

yxiant Xe N/A Asphyxiant
a to form HF F2  .2 Forms HF in moist air X

- F6 Xe N/A Asphyxiantto to form HF, NOX F2  .2 Forms HF in moist air X
N2 , 02 N/A

te to form HF Kr N/A Asphyxiant
Oe6 Xe N/A Asphyxiant

12 .2 Forms HF in moist air

a to form HF CIF (.2) Forms HC1 and HF in
moist air

g irritant; tcxic F2  .2 Forms HF in moist air
"N2 , 02 N/A

F2  .2 Forms HF in moist air
, causes nervous Xe N/A Asphyxiant X
e disorders MnF3  6 Dust causes nervous

MnF2  6 system disorders

-- F6 Xe N/A Asphyxiant X
fumes on F2  .2 Forms HF in moist air
osition SnF2  (2) Forms toxic fumes and

SnF4  (2) HF in moist air

to to form HF F2  .2 Forms IU in moist air X
rng irritant) Xe N/A Asphyxiant

02, N2  N/A -

;,irritant F2  .2 Forms HF in moist air
•'irritant, toxic Xe N/A Asphyxiant

BrF (.2) Forms HP and HBr in
moist air

.. 6 Xe N/A Asphyxiant X
-ant F2  .2 Forms HF in moist air

BF3  3 Irritant

ly toxic F2  .2 Forms Hi" in moist air
s to form HF N2  N/A
ative poison AsF 3  <.l Cumulative poison X
nic systemic) AsF 5  <.1 (chronic systemic)
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TABLE A-4. (Contd.
Precursor Toxicity

Reactant Reactant Reactivity vith ThresholdReacantReacantLimit

No. Composition DTy Air Hoist Air Compound Value Comments

12 (NO) 2MnF 6  None Forms HP and NOF - Reacts to form HF
other irritants MnF4 6 Dust causes nervous

system disorders

13 KBrF 6  None Forms HF and RBr K? 2.5 Dust-irritant
BrF5  .4 Strong irritant, toxic

14 lp 30.sbF5  (None) Forms HF and NF30 - Highly toxic
poisonous Sb LD50 - 200 to 500 ppm
compounds Sbh 5  .5 Cumulative poison (chronj

systemic)

15 NOBrF4  None Forms HF, HBr, NOY - Reacts to form HF
NOX BrF3  .4 Strong irritant, toxic

16 XOP2oXO7 4  (None) (Forms hazardous Xe? 2  - Toxic, irritant
compounds) XeF4 - Toxic, irritant

17 BrF6 AsF 6  (Forms BF, Ulr BrF5  .4 Strong irritant; toxic
and As compounds)

F2 .2 Reacts to form HP
As? 5  <01 Cumulative poison (4hron:

systemic)

18 NOAsW6  (None) (Forms H?, and NO? - Reacts to form HF
hazardous As AsF5  .1 Cumulative poison (qhron:
compounds) systemic)

19 NF4 9bF6  None Forms HY and NF3  29 Mildly toxic
poisonous Sb F2 2 Reacts to form HF
compounds 8F5 .5 Cumulative poison (phron

systemic)

20 N2F?3 sF6  (Forms HY and H2F4 - More toxic than N?3 ;
poisonous As reacts to form HF with
compounds) H20

A87 5  <.1 Cumulative poison (chron
systemic)

12 .2 Reacts to form MY

21 RbBV' 6  None Forms HY and OF 2.5 Irritant
HBr BZn3 .4 Strong irritant; toxic
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TABLE A-4. (Contd.)
ýty Decomposition Product Toxicity

Threshold
Limit

• Comments Compound Value Comments

tcto to form HF F 2  .2 Forms HF in moist air
,t causes nervous N2 , 02 N/A
ptem disorders MnF 2  6 Dust causes nervous system

4nF 3  6I disorders

pt-irritant KF 2.5 Dust-irritant
"ong irritant, toxic BrF (.2) Forms HF and HBr in moist A

air
F 2  .2 Forms HF in moist air

phly toxic NF3  29 Mildly toxic
g- 200 to 500 ppm 0 N/A - )
alative poison (chronic SF 5  .5 Cumulative poison (chronic

Otemic) systemic)

gcts to form HF N2, 02 N/A
,ong irritant, toxic BrF (.2) Forms HF and I.Br in moist

air
F 2  .2 Forms HF in moist air

tic, irritant Xe N/A Asphyxiant X
tic, irritant F2 .2 Forms HF in moist air

tong irritant; toxic F 2  .2 Forms HF in moist air
BrF (.2) Forms HBr and HF in moist X

'to to form HF air
julative poison (chronic AsF 3  <.1 Cumulative poison (chronic
Itemic) systemic)

ýets to form HF F2  .2 Forms HF in moist air X

ýulative poison (chronic AsF3  .1 Cumulative poison (chronic
itemic) systemic)

;dly toxic NT3  29 Mildly toxic
.ts to form HF F .2 Forms HP in moist air

letive poison (chronic SiF3  . Cumlative poison (chronic
temic) SbF5  .5 systemic)

Stoxic than NF3 ; NF3  29 Mildly toxic
Cts to form HF with F2  .2 Forms HF in moist air XSA2F3 <.1 Cumulative poison (chronic

ulative poison (chronic AsF 5  <.1 systemic)
tmic)
eta to iorm HF

itant RbF 2.5 Irritant
ong irritant; toxic BrF (.2) Forms HF and HBr in moist

air
F2 .2 Forms HF in moist air



TABLE A-4.
Precursor Toxicity

Threshold

Reactant Reactant Reactivity with Limit

No. Composition Dry Air Moist Air Compound Value Comments

22 KC1F4 None Forms HF and RC1 KF 2.5 Irritant
Cl!3  .4 Strong irritant;

23 ClF2BF4  - (Forms HF and ClF3  .4 Strong irritant;
HCO)

BF3 3 Irritant

24 CIF3 0OBF 3  Forms HF and HC1 BF 3  3 Irritant
CIC1F3 a - (Probably similar

C1F 3)

25 CsBrF6  None Forms HF and HBr CsF 2.5 Irritant
BrF5  .4 Strong irritant;

26 XeF2  None Forms HF XeF2  Toxic; irritant

27 NOVF 6  None Forms HF, NOX and NOF - Reacts to forms
V compounds

VF5  .5 Strong irritant;

28 XeF 2 *MnF 4  (None) (Forms HF) XeF 2  - Toxic; irritant
XnF4  6 Dust causes ne

system disorders

29 XeF2"VF 5  - (Forms HF and V XeF2  - Toxic; irritant
compound.) VT5  .5 Strong irritant;

30 MnF4 None Forms H and Mn MnF 4  6 Dust causes nerv
compounds system disorder.

31 LiMnI 5  (None) Forms HY LiP 2.5 Irritant3 MnF 4  6 Dust causes nerv
system disordere

32 KJaWF 5  None Forms HF XF 2.5 Irritant
Mn? 4  6 Dust causes ne

a.._ system divorders

NOTIE: Estitmted quantities are in parentheses.



TABLE A-4. (Contd.)
r Toxicity Decomposition Product Toxicity

old Threshold
t Limit
a Coments Compound Value Comments

Irritant KF 2.5 Irritant
Strong irritant; toxic CIF (.2) Irritant; forms HF and HC)

F2  .2 Forms HF in moist air

Strong irritant; toxic BF3  3 Irritant
F .2 Forms HF in moist air

Irritant CfF .4 Forms HF and HCI in moist
air

Irritant BF3  3 Irritant
(Probably similar to CIF (.2) Forms HF and HC1 in moist
C1F3) air

F2  .2 Forms HF in moist air
02 N/A

Irritant CoF 2.5 Irritant
Strong irritant; toxic F2  .2 FormslE in moist air

BrF (.2) Forms HF and HBr in moist
BrF3  (.2)1 air

Toxic; irritant Xe N/A Asphyxiant
F 2  .2 Forms HF in moist air

Reacts to forms HF N2$ 02 N/A
F .2 Forms HF in moist air

Strong irritant; toxic, V 3  .5 Forms HF and V dust -
VF5  .5 respiratory irritant

Toxic; irritant Xe N/A Asphyxiant
Dust causes nervous F2  .2 Forms HF in moist air
system disorders MnF 2  6 Dust causes nervous system

MnF 3  6 disorders

Toxic; irritant Xe N/A Asphyxiant
Strong irritant; toxic F .2 Forms RF in moist air

v3.5 Forms HF and V compounds
VF5  .5 in moist air

Dust causes nervous F2  .2 Forms HF in moist air
system disorders MiF 2  6 Dust causes nervous system

MnF 3  6 disorders

Irritant LiF 2.5 Irritant
Dust causes nervous F2  .2 Forms HF in moist air
system disorders MnF 2  6 Dust causes nervous system

M1uF 3  6 disorders

Irritant lE 2.5 Irritant
Dust causes nervous F2  .2 Forms HF in moist air
system disorders MnF 2  6 Dust causes nervous system

MnF 3 6 disorders
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APPENDIX B

THEORETICAL ANALYSIS OF REACTANT SYSTEM

The theoretical combustion parameters of candidate reactant systems were

calculated using current JANNAF thermodynamic product data and heats of forma-

tion of reactants, where available. Chemical equilibrium was assumed throughout

the calculations. An arbitrary chamber pressure of 100 psia was chosen for this

analysis. The reactant systems included in the following tables are listed in

the order of the experimental evaluation, as follows:

System No. Reactant Fuel Table

2324 NOBrF 4  Mg3N2  B-1

2314 NOBrF 4  Si 3N4  B-2

2018 NOBrF 4  (C2F4)n E-3

2311 (NO) 2MnF 6  Si 3N4  B-4

2335 (NO) 2MnF 6  (C2F4 )n B-5

2325 (NO) 2MnF 6  Mg3N2  B-6

2316 KBrI,6  Si 3N4  B-7

2334 KBrF 6  (C2F4)n B-8

2326 KBrF 6  M83N2  B-9

2343 KBrF6 /KF Mg3N2  B-1O

2317 KClF4  Si 3N4  B-li

2333 KCIF 4  (C2F4)n B-1.2

2349 KCIF 4  NaN 3  B-13

2327 KC1F 4  Mg3 N2  B-14

2342 KClF4 /KF Mg3 N2  B-15

2354 KC1F4  AIN B-16

2359 KC IF 4  Al B-17

2321 LiMnFc Si 3 N4  B-18

2336 LiMnF,5  (C2 F4 )n 8-19

2350 LiMnF 5  NaN3  B-20

2355 L I.MnF 5  A 1N B-21

k.'01 LiMuF 5  At B-22

2385 LiMP.F 5  Mg B-23

:2372 Li r .F5  Mg3N2  3-24

2,%44 KMnF 5  Mg3 N2  B-25
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TABLE B-I. THEORETICAL ANALYSIS OF NOBrF4 /Mg3E

System No. 2324 3 4 5 6 7 8 9 14

NOBrF4 , weight percent 97.00 96.00 95.00 94.00 93.00 92.00 91.00 90

Mg3N2 , weight percent 3.00 4.00 5.00 6.00 7.00 8.00 9.00 19

Combust ion parameters
PC o ?stia 100.0 100.0 100.0 100.0 100.0 100.0 100.0 1

Tc K 751 1020 1183. 1280 1352 1411 1469

7 1.123 1.103 1.088 1.084 1.084 1.087 1.092 1.

Moles gas/100 g 1.072 1.087 1.153 1.241 1.338 1.439 1.541 1•Ii
Combustion products, moles/100 g

F - .3049 .0394 .1005 .1786 .2691 .3706 .•

F2 - .0097 .0422 .0692 .0891 .1007 .1022 "

Br - - - - - .0002 ,
Br 2  - - - - - - -

BrF .0010 .0084 .0434 .1108 .1895 .2692 .3450

BrF 3  .4283 .4698 .4568 .3909 .3091 .2249 .1440 .I

grF5  .0924 .0381 .0108 .0038 .0016 .0006 .0002
tM0 2 ....... -
NF3 .0007 .0008 .0006 .0005 .0003 .0002 .q

NO - - - .0002 .0003 .0005 .0007 .4
N2  .2104 .2011 .2281 .2508 .2683 .2839 .2990

NOF .1575 .1921 .1526 .1218 .1014 .0847 .0688 .•

NO2F .0029 .0005 .0002 .0001 - - -

02 .1792 .1615 .1788 .1915 .1990 .2045 .2097

MgF 2 (1) - - - - - - -

MgF 2 (,) .0892 .1189 .1486 .1783 .2080 .2377 .2674

F, F 2 , NF3 , weight percent .00 .50 2.40 4.58 6.81 8.96 10.93 i13



: AORETIC ANALYSIS OF NOBrF4/Mg3N2

7 8 9 10 11 12 13 14 15

93.00 92.00 91.00 90.00 89.00 88.00 87.00 86.00 85.00

7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00

,0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

0 1352 1411 1469 1536 1571 1700 1913 2083 2199

64 1.084 1.087 1.092 1.000 1.107 1.136 1.134 1.110 1.101

41 1.338 1.439 1.541 1.638 1.644 1.699 1.700 1.696 1.705

5 .1786 .2691 .3706 .4810 .5037 .5961 .6216 .6134 .6042

2 .0891 .1007 .1022 .0899 .0734 .0378 .0110 .0045 .0026

- - .0002 .0004 .0007 .0028 .0198 .0663 .0137

- - - - - - 0005 .0022 .0041

108 .1895 .2692 .3450 .4111 .4333 .4625 .4465 .3917 .3252

9 .3091 .2249 .1440 .0725 .0447 .0079 .0005 .0001 -

38 .0016 .0006 .0002 - - - - -

- - - - .0003 .0035 .0159 .0387

6 .0005 .0003 .0002 .0001 - - - -

2 .0003 .0005 .0007 .0010 .0012 .0021 .0044 .0071 .0094

ý08 .2683 .2839 .2990 .3147 .3264 .3437 .3569 .3647 .3714
118 .1014 .0847 .0688 .051.6 .0425 .0215 .0071 .0033 .0021

15 .1990 .2045 .2097 .2154 .2172 .2246 .2279 .2257 .2232

- - - .0033 .3268 .3563 .3828 .4001 .4070

183 .2080 .2377 .2674 .2938 - - - - -

58 j.81 8.96 10.93 12.56 12.36 12.76 12.23 11.83 11.58
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TABLE B-9. THEORETICAL ANALYSIS OF KBrF 6/Mg3N2

System No. 2326 3 4 5 6 7 8 9

KBrt 6 , weight percent 97.00 96.00 95.00 94.00 93.00 92.00 91.00 90

1A43N 2 , weight percent 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10

Combustion parameters

PC, psie 100.0 100.0 100.0 100.0 100.0 100.0 100.0 1

Tc, K 891 1029 1128 1195 1311 1392 1455 15

'V 1.047 1.055 1.062 1.065 1.069 1.073 1.077 1.

moles gas/100 5 .458 .536 .634 .681 .763 .856 .957 11

Combustion products, moles/100 &

I .0007 .0100 .0356 .0635 .1400 .2290 .3243

F2 .0086 .0687 .1372 .1521 .1524 .1486 .1443

Br • .0003 .0020 .0070 .0419 .1095 .1847

BrF3  .1055 .2074 .3109 .3.547 .3487 .2829 .2050

B•F5 .3108 .2042 .0948 .0418 .0086 .0025 .0009

N2  .0272 .0344 .0458 .0573 .0687 .0789 .0890

NF3  .0050 .0103 .0075 .0043 .0013 .0006 .0004 -

KY - - - .0001 .0009 .0029 .0065 0

K2 F2  - - .0004 .0011 .0023

KF(1) - - .4032 .3975 .3898 .3794

KI(s) .4163 .4120 .4076 -. - - -

MgF2 (1) - - - - - - -

M2g 2 (s) .0891 .1189 .1486 .1783 .2080 .2377 .2675

F, F2, NV3 , weight percent .62 3.39 6.32 7.23 8.5: 10.03 11.66 1



ICAL ANALYSIS OF KBrF 6 /Mg 3 T2

7 8 9 10 11 12 13 14 15

93.00 92.00 91.00 90.00 89.00 88.00 87.00 86.00 85.00

7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00

100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

1311 1392 1455 1513 1537 1605 1693 1788 1881

1.069 1.073 1.077 1.081 1.083 1.089 1.097 1.102 1.115

.763 .856 .957 1.061 1.075 1.162 1.240 1.314 1.389

.1400 .2290 .3243 .4254 .4453 .5331 .5906 .5892 .5522

.1524 .1486 .1443 .1325 .1163 .0889 .0533 .0268 .0127

.0419 .1095 .1847 .2565 .2839 .3337 .3593 .3618 .3527

.3487 .2829 .2050 .1294 .0977 .0434 •0125 .0029 .0007

.0086 .0025 .0009 .0003 .0001 - - - -

.0687 .0789 .0890 .0990 .1089 .1188 .1288 .1387 .1486

.0013 .0006 .0004 .0002 .0001 - - - -

.0009 .0029 .0065 .0131 .0168 .0334 .0724 .1496 .2526

.0004 .0011 .0023 .0044 .0055 .0104 .0211 .0403 .0561

.3975 .3898 .3794 .3643 .3541 .3234 .2589 .1388 -

- - - - .3269 .3566 .3861 .4153 .4437

.2080 .2377 .2675 .2972 - - - - -

8.53 10.03 11.66 13.13 12.89 13.51 13.25 12.21 10.98
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TABLE B-18. THEORETICAL ANALYSIS OF LiMnF5 /Si 3 N4

System No. 2321 1 2 3

LMnF5 , weight percent 95.00 90.00 85.00

Si 3 N4 , weight percent 5.00 10.00 15.00

Combust ion parameters

Pcý psia 100.0 100.0 100.0

Tc, K 1395 1806 2067

Moles gas/lO0 g .314 .682 .777

Combtustion products, moles/100 g

F .0796 .0036 -

F2  .0476

LiF .0001 .0184 .1257

Li2 F . 0001 .0089 .0442

LU3 F3  - .0014 .0070

Mn - .0284
MnF2 - .0051 .0372

'MF 3 .0056 .2884 -

MnF4 .0022 - -

NF 3  .0003 --

N2  .0711 .1426 .2139

SiF3  - - .0286

SiF4  .1069 .2139 .2921

LiF (1) .6052 .5331 .3066

Mn (1) - - .0569

MnF2 (1) - - .4193

lHF 3 (1) .5978 .2803 -

F, F2, NF3 , weight percent 3.3/t .07
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TABLE B-23. THEORETICAL ANALYSIS Of LIrMnF 5 /Mg

System No. 2385 1 2 3 4 5

LLinF5 , weight percent 95.0 96.0 97.0 98.0 99.0
Mg, weight percent 5.0 4.0 3.0 2.0 1.0

Combustion parameters
PC, Pei& 100.0 100.0 100.0 100.0 100.0

To, K 1727 1536 1350 1219 1030

Moles ga/100 g .282 .239 .236 .258 .282

Combustion products, moleu/1O0 g

F .1635 .1537 .0926 .0530 .0144

F2  .0143 .0680 .1382 .2029 .2671

LIF .0039 .0005 - - -

Li2F2  .0021 .0004 - - -

Li 3?3  -. 0001 - - -

MnF 3  .0953 .0178 .0024 .0003 -

MnO4  .0024 .0033 .0027 .0013 .0002

LI?(1) .5964 .6106 .6182 .6247 -

LO(W) - - - .6311

ftF2(1) .2055 .1321 - - -

Mge2 (s) - .0324 .1234 .0822 .0411

MnF3(1) .5079 .5909 .5065--

HnU3 (a) - - .1066 ,6231 .6309

F, F2 , hF 3 , weight percent 3.65 5.31 7.01 M72 10.42
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TABLE B-24. THEORETICAL ANALYSIS OF LiMnFs/Mg 3 N2

System No. 2322 11 10 9 8 7 b 12 13 14 15

LiMnF5 , weight 99.50 99.40 99.30 99.20 99.10 99.00 98.90 98.80 98.70 98.60
percent

Mg3 M2 , weight .50 .60 .70 .80 .90 1.00 1.10 1.20 1.30 1.40
percent

Combustion parameters

Pc, psia 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Tc, K 797 822 847 872 897 921 944 968 991 1012

7 1.021 1.021 1.021 1.020 1.020 1.020 1.020 1.020 1.021 1.022

Moles gas/100 g .298 .294 .290 .286 .282 .287 .275 .271 .268 .266

Combustion products, moles/100 g

7 .0009 .0014 .0019 .0026 .0034 .0045 .0058 .0073 .0090 .0109

F 2  .2869 .2805 .2739 .2673 .2606 .2539 .2471 .2404 .2439 .2282

Mrn 3  - - - - - - - - - -

MnV4  - - - - - - .0001 .0001 .0001 .0002

1F3 .0099 .0119 .0139 .0154 .0178 .0198 .0217 .0235 .ý150 .0260

""2 - - - - - - .000, .0002 .0004 .0009

LiF(1) - - - - - - - - - -

LLF(s) .6343 .6336 .6330 .6324 .6317 .6311 .6304 .6298 .6292 .6285

Mgl 2 (1) .0149 .0178 .0208 .0238 .0267 .0297 .0327 .0357 .0386 .0416

MnY3(l) - - - - - - - - - -

Mnl3(s) .6343 .6336 .6330 .6323 .6317 .6310 .6304 .6297 .6291 .6284

F, F2V 'W31 11.49 11.36 11.24 11.11 10.98 10.86 10.75 10.60 10.50 10,36

weight percent

CAN.



THEORETICAL ANALYSIS OF LIMnrF 5 /Mg3 N2

b 12 13 14 15 16 5 4 3 2

99.00 98.90 98.80 98.70 98.60 98.50 98.00 97.00 96.00 95.00

1.00 1.10 1.20 1.50 1.40 1.50 2.00 3.00 4.00 5.00

100.0 100.0 100.0 100.0 100.0 1.00.0 100.0 100.0 100.0 100.0

921 944 968 991 1012 1033 1121 1190 1347 1358

1.020 1.020 1.020 1.021 1.022 1.024 1.000 1.028 1.031 1,030

.287 .275 .271 .268 .266 .265 .269 .261 .278 .250

.0045 .0058 .0073 .0090 .0109 .0131 .0273 .0419 .0978 .0877

06 .2539 .2471 .2404 .2339 .2282 .2234 .2119 .1834 .1343 .1070
- - - - - - - .0002 .0027 .0029

0 .0001 .0001 .0001 .0002 .0002 .0005 .0010 .0029 .0026

.0198 .0217 .0235 .0250 .0260 .0262 .0181 .0101 .0017 .0013

- .0001 .0002 .0004 .0009 .0018 .0108 .0246 .0387 .0488

-. . . . . . .0103 .6183 .6118 .0054

.6311 .6304 .6298 .6292 .6285 .6279 .6144 - - -

7 .029 .0327 .0357 .0386 .0416 .0445 .0594 .0891 .1189 .1486

S. . ..- - - .6001

7 .6310 ,6304 .6297 .6291 .6284 .6277 .6241 .6172 .6063 -

10.86 10.75 10.60 M0,50 10.36 10.23 9.61 8.34 7.05 5.81
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APPENDIX C

X-RAY ANALYSIS DATA FOR Litn? 5 AND ?kF4

All Dsbye-Scherrer X-ray powder patterns were talten using a 57.3--mm-

diameter camera with CuKaradiation and a Ni filter. The d-spacings and

intensities are shown in table C-i for all samples analyzed, All of the

esples appeared morphous rather than crystalline and the manganese tended

to cause some interference providing significant background to the resulting

patterns.

Comparison of the d-spacings with strong and meditm intensities for the

first LItOF 5 samples reveals that practically all appear mong two or more of

the samples analyzed. Preparation No. 14 may be Li 2MnF 6 as there is

considerable correspondence between the d-spacings of the stronger

intensities and those calculated for Li 2HnF 6 from the structure determination

by Hoppe, at al.(31) The d-spacings for the MtCl 2 -BrF3 reaction product No.

12 are certairly different than the Li2NnF6 and LitaF5 spacings.
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